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METHOD AND APPARATUS FOR
MEASUREMENT OF PATTERN FORMATION
CHARACTERISTICS

FIELD OF THE INVENTION

The present invention concerns apparatus and methods for
the measurement and correction of pattern formation char-
acteristics for the production of high resolution 1mages
projected by charged particle beam optics systems.

BACKGROUND OF THE INVENTION

Advances with charged particle beam transfer devices as
used for making integrated circuits and related devices have
made 1t possible to achieve both improved transfer pattern
resolution and improved throughput (productivity) in recent
years. One such device that has been investigated in the past
uses a one-shot transfer system that transfers one die
(meaning an entire pattern formed on a single layer for one
of multiple integrated circuits) or multiple dies’ worth of
patterns from a mask onto a sensitive substrate in a single
exposure (“shot”). However, with one-shot transfer systems,

the masks which comprise the transfer original are difficult
to make, and it 1s ditficult to keep aberrations in the charge
particle optical system (hereinafter referred to simply as the
“optical system™) to below a desired value inside of a large
optical field of one die or greater. Therefore, devices using
divided transfer systems have recently been studied, which
divide the pattern, or total image field, which 1s to be
transferred onto the substrate mnto multiple subfields, each
subficld being smaller than the size of one die. In this
divided transfer method, each subfield can be transferred and
individually corrected for optical aberrations like focus,
displacement, and distortion of the transferred 1image, so that
ogood resolution and precise positioning of the 1mage can be
obtained over a wider total image field than with the
one-shot transfer method.

However, sutficiently precise methods for the correction
of 1mage positioning errors, such as focal point errors and
distortions of the projected image, have not been developed
for the divided transfer method of 1mage projection. In a
previous attempt to measure and correct 1mage positioning,
errors, first, a pattern forming a subfield of a mask 1is
transferred onto a wafer. As 1s typical, the pattern 1s reduced
in size by the projection optical system prior to being
transferred on the water. Optical aberrations of a projected
image are calculated according to the distance from the
mask pattern subfield to the charged particle beam axis. The
projected 1image 1s corrected as a function of this distance.

As the required density of integrated circuits on a die has
increased, the required feature size of transferred 1mages has
decreased. When a large 1mage 1s created by stitching
together several projected 1mages on the water, achieving
the necessary precision 1s even more difficult. Such precision
requirements demand precise placement of a subfield pattern
onto the wafer, including precise reduction factors and
rotation angles of the projected 1mage. If these requirements
are not satisiied, the subfields are not connected smoothly
and the stitched-together large i1mage lacks the required
designed precision.

To maintain pattern formation characteristics, such as
reduction factors and rotation angles of a projected mask
subfield, within a set range, the actual image forming
characteristics, such as reduction factor and rotation angle,
must be measured precisely.

Although methods for the measurement of actual pro-
jected 1mages have been previously disclosed, such methods
are only suitable for correction of very small projected
Images.
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Specifically, previously disclosed methods for the mea-
surement of projected 1mages are suitable for projected
images of about (5 um)” in area, as shown for example in
Japanese laid-open patent H 7-22349. In such methods,
several 1images are projected onto marks capable of reflect-
ing or scattering charged particle beams, and the reflected or
scattered charge particle beam are detected by a detector
disposed near the marks. When a deflector scans an image
formed by a charged particle beam over the marks, a signal
1s generated having several peaks due to the varying inten-
sity of the scattered or reflected charge particles as the marks
are scanned.

Using such charged particle beam mark detection
methods, each subfield can be transferred with focus and
distortion corrections, so that good resolution and precise
positioning of the image can be obtained over a wider area
than with the one-shot transfer method. A reduction factor
and a rotation angle of the projected 1mages are calculated
utilizing the distance values between the detected signals.
However, these measurement methods using charged par-
ticle beam deflection tend to have low precision due to the
instability of deflection sensitivity of charged particle
beams, such as electron particle beams, and due to varying
rotational error of the deflection axis (causing scanning
direction errors).

Nonetheless, using such a measurement method 1s sufli-
ciently precise when the projected image 1s small, 1.€., about
(5 um)”, and when the required accuracy of the reduction
factor 1s not too high. However, when using the divided
transfer method, a subfield area on a mask 1s, typically, in the
order of about 1 mm?. If the reduction factor is one quarter
the size of the mask pattern, as 1s typical, then the projected
image of the subfield pattern will be (250 um)”.
Consequently, known methods do not provide methods and
apparatus capable of obtaining sufficiently precise measure-
ments of the projected 1mages. Accordingly, methods and
apparatus are needed 1n order to measure and correct pattern
formation characteristics, so as to produce transferred
images having the required performance suitable for wide
field range pattern microlithography methods, such as
divided transfer methods.

SUMMARY OF THE INVENTION

The apparatus and methods of the present invention
provide for the precise measurement and correction of
pattern formation characteristics, such as the reduction fac-
tor and the rotation angle of projected 1mages.

The projected 1mage measurement apparatus of the
present mvention includes a projection optical system hav-
ing a charged particle beam source, a mask, a mask stage,
evaluation marks positioned on the mask or on the mask
stage wherein such evaluation marks have set distances
therebetween, a reference material defining reference marks,
a device for moving the reference material, a device for
detecting the amount of movement of the reference material,
a device for detecting charged particle beams or reflected
charged particles, a deflection system capable of shifting
charged particle beams, a device for moving evaluation
mark 1mages near the reference mark, a device for ascer-
taining the amount of movement of the evaluation mark
images during such measurements, a controller capable of
calculating pattern formation characteristics from data
obtained by such measurements, and a correction system for
changing the 1mage placement based on the correction data
calculated. A representative method of the present invention
utilizes the apparatus of the present mnvention as follows.



5,912,467

3

Evaluation marks having set distances therebetween are
placed on the mask stage or the mask. The reference material
having reference marks 1s positioned adjacent to a wafer. A
charged particle beam 1s projected through the evaluation
marks and 1mages of the evaluation marks are formed on the
waler.

Next, the exact position of each evaluation mark 1image
created by the projection optical system 1s determined by,
first, placing the reference mark near a first evaluation mark
image. The first evaluation mark i1mage 1s then moved
forward relative to the reference mark. A first Y-axis coor-
dinate 1s determined at the point where the edge of the

reference mark crosses the center of the evaluation mark
image. Next, the reference mark 1s moved along the Y-axis
direction to a position near a second evaluation mark 1mage.
The second evaluation mark image 1s then moved forward
relative to the reference mark and a second Y-axis coordinate
1s obtained at the point in which the reference mark crosses
the center of the second evaluation mark image. Finally, the
difference of the first and second Y-axis coordinates 1is
calculated to determine the actual distance between the two
evaluation mark images. The same procedure 1s followed for
evaluation marks positioned along the X axis.

The reduction factor 1s then calculated by comparing the
positions of the evaluation mark images on both the X axis
and the Y axis to the positions of the evaluation marks on the
mask. Additionally, the rotation angle of the projected image
1s calculated by measuring the relative positions of the
evaluation mark images on both the X axis and the Y axis
and by dividing the difference between the relative positions
of the evaluation mark images by the distance between the
evaluation marks on the mask.

Because the distance of movement of the reference mark
may be obtained, for example, by a laser interferometer, the
measurement 1s performed quickly and precisely.
Additionally, only a few movements of the reference mark
1s necessary to perform the measurements according to the
present invention. Moreover, the evaluation mark images are
preferably moved via electrical shifting, which also allows
quick and precise determination of the 1mage position.
Accordingly, the entire measurement method may be com-
pleted 1n a relatively short period of time. Moreover, based
on the precise measurements, correction of projected 1images
1s performed. Thus, 1t 1s possible to provide 1mages of high
precision even when the images are stitched together.
Accordingly, the present invention provides the requisite
highly precise wide area imaging and the desired rapid
throughput.

The present invention also provides the advantage of
maintaining the pattern formation characteristics 1n 1deal
condition by periodic use of the measurement and correction
system of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view of an electron beam projection
apparatus incorporating an embodiment of the optical pro-
jection measurement and correction apparatus of the present
invention.

FIG. 2 1s a partial view of a mask and substrate 1llustrating
projection of mask pattern subfieclds onto the substrate.

FIG. 3(a) is a partial plan view of a mask pattern subfield
including an embodiment of evaluation marks of the present
invention.

FIG. 3(b) 1s a partial view of projected images of the
evaluation marks illustrated in FIG. 3(a).

FIG. 4(a) shows an incorrectly reduced projected image
of the subfield and evaluation marks illustrated in FIG. 3(a).
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FIG. 4(b) shows a misaligned projected 1mage of the
subfield and evaluation marks illustrated in FIG. 3(a).

FIG. 5(a) is a partial view of a substrate having projected
images of the subfield and evaluation marks illustrated in
FIG. 3(a) and a reference mark of the present invention.

FIG. 5(b) illustrates a partial view of the projected evalu-
ation mark image and reference mark of FIG. 5(a).

FIG. 5(c) 1s a graph of reflected electron signals obtained
by shifting the projected evaluation mark images of FIG.
5(a).

FIG. 5(d) 1s a graph of the values obtained by differen-
tiating the reflected electron signals of FIG. 5(c¢).

DETAILED DESCRIPTION

A preferred embodiment of a projected 1mage measure-
ment apparatus of the present invention includes the follow-
ing (FIG. 1): a projection optical system having a charged
particle beam source 10, a mask 1, and a mask stage 16. The
following additional features are discussed below but not
detailed in FIG. 1: evaluation marks 4A, 4B, 4C, 4D, etc.
positioned on the mask 1 or the mask stage 16 and having
set distances therebetween, a reference material 38 having a
reference mark 39, a device 22 for moving the reference
material, a device 23 for detecting the amount of movement
of the reference material, a device 36 for detecting charged
particles or reflected charged particles, a first deflection
system 12 capable of directing a charged particle beam, a
second deflection system 13 capable of directing a charged
particle beam and for moving evaluation mark 1images 8A,
8B, 8C, 8D, etc. near the reference mark, a main control
system 19 for calculating the amount of correction necessary
to produce the correct reduction factor, angle of rotation,
deflection factor, and focal point of any mask pattern image
transferred, and a correction system for changing the image
placement based on the correction data calculated.

The projected 1mage measurement apparatus of the
present mvention 1s described herein by means of an elec-
tron beam lithography projection exposure system (a
“stepper”). It 1s understood that the apparatus and method of
the present invention 1s suitable for use with any of a variety
of projection optical systems, and, 1n particular, for use with
charged particle beam optical projection systems, such as
ion beam microlithography steppers.

FIG. 1 illustrates the preferred features of an electron
beam projection system 1ncorporating an embodiment of the
apparatus of the present invention. The electron beam step-
per system, as 1illustrated 1n FIG. 1, has an electron charged
particle beam axis AX parallel to the Z axis. The Y axis 1s
horizontally oriented, extending perpendicular to the AX
axis, 1n a left to right direction, as 1llustrated in FIG. 1. The
X axis perpendicularly intersects both the Y and AX axes.
Viewing FIG. 1, the X axis i1s perpendicular to the plane
defined by the page depicting FIG. 1 and extends along a line
projecting inwardly 1nto and outwardly from the page.

The electron beam stepper system includes an electron
gun 10 (or analogous charged particle source) that dis-
charges an electron beam 1n a direction extending along the
AX axis. A condenser lens 11 transtorms the electron beam
into a parallel beam. An optical field selecting deflector 12,
comprising two electromagnetic deflectors layered on top of
one another, shifts the parallel electron beam 1n a direction
along the Y axis.

A mask 1 1s positioned on a mask stage 16 1n a direction
parallel to the X and Y axes. The mask stage 16 may be
moved by a motor 17, in a continuous manner along the X
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axis, and may be shifted in a step-wise manner or 1n a
continuous manner along the Y axis. The position of the
mask stage 16 1s detected by a first laser interferometer 18.
The first laser interferometer 18 conveys signals related to
the mask stage 16 positions to the main control system 19
wherein such positions are recorded.

Referring to FIG. 2, the parallel electron beam 1s pro-
jected through a projection area 33 encompassing a subfield
2A of the mask 1. A deflection control 25 (FIG. 1) controls
the amount 1n which the optical field selecting detlector 12
shifts the electron beam. The deflection control 25 1s, 1n turn,
controlled by the main controller system 19. In an alternative
embodiment, an electrostatic deflector may be used rather
than the electromagnetic optical field selecting detlector 12.

The electron beam projected through the mask 1 1s then
shifted a predetermined amount by a deflection system 13.
The deflection system 13 may comprise two electromagnetic
deflectors controlled by the main control system 19 via a
deflection correction control 26.

The electron beam 1s then directed through a projection
lens 14, converging at a cross-over point CO and 1s projected
through an objective lens 15 to expose the substrate surface.
For simplicity, the substrate 1s hereinafter referred to as a
“waler” 5. It 1s understood that a variety of substrates may
be suitable for practicing the present invention.

The water 5 may include any variety of lithography resists
known to persons skilled in the relevant art. An 1image of the
mask pattern (i.e., the projected subfield) is transferred to a
predetermined position on the water § surface. The trans-
ferred 1mage will have a preselected reduction factor, for
example, one fourth the size of the mask pattern subfield.

Referring to FIG. 1 and FIG. 3(a), when utilizing the
divided transfer method, divided patterns or subfields on the
mask 1 are placed between the boundary areas 3. As each
subficld forms an 1mage on the wafer 5, the transferred
images are set 1immediately adjacent one another on the
waler, leaving no space therebetween. Accordingly, when a
subficld 1s projected onto the water 5, the deflection system
13 1s utilized to shift the electron beam in a horizontal
direction (i.e., along the y-axis) an amount equal to the width
of the corresponding boundary area 3. The deflection system
13 1s also used to detflect the electron beam to correct or
change pattern formation characteristics of projected
images, as described below.

The deflection system 13 may comprise an electrostatic
deflector rather than an electromagnetic deilector.
Alternatively, the deflection system 13 may combine an
clectrostatic deflector and an electromagnetic deflector.

Returning to FIG. 1, corrective lenses 34, 35 are placed
within the projection lens 14 and the objective lens 15,
respectively. The corrective lenses 34, 35 are used to correct
the pattern formation characteristics, such as the reduction
factor and rotation angle of a projected 1mage. The main
control system 19 calculates the amount of correction to be
made by the corrective lenses 34, 35. The main control
system 19 conveys the amount of correction required to the
corrective lenses 34, 35, and such correction 1s implemented
(i.c., the 1mage is shifted as required) by the lenses 34, 385,
via the deflection correction control 26. Coreless coils are,
preferably, used for the corrective lenses 34, 35. A reflected
clectron detector 36 1s positioned down stream of the
objective lens 15 to detect electrons reflected from the
surface of the water 5. A signal from the reflected electron
detector 36 1s transferred to the main control system 19 by
a signal circuit 37. Thus, a reflected electron signal S 1s
created. The main control system 19 utilizes the retlected
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clectron signal S to determine the position of an evaluation
mark 1mage, as explained below.

The water 5 1s held by a walfer stage 21, positioned
parallel to the X and Y axes. The water stage 21 1s positioned
on a second stage 20). Reference material 38 1s positioned on
the waler stage 21 adjacent the water 5. The reference
material 38 1s preferably positioned such that the upper
surface of the reference material 1s at about the same height
as the surface of the wafer 5. A reference mark 39 1s
positioned on the surface of the reference material 38. The
reference material 38 preferably 1s comprised of a silicon
waler, while the reference mark 39, preferably, comprises a
thin square film of tantalum. The wafer stage 21 1s capable
of moving the wafer 5 and the reference material 38 1n a
continuous manner or 1n a step-wise manner. During
operation, the wafer stage 21 1s moved 1 a direction
opposite to the direction of movement of mask stage 16
because the 1image of the mask pattern 1s mnverted by the

projection lens 14 and the objective lens 15.

The watfer stage 21 1s moved by a motor 22. The position
of the wafer stage 21 1s detected by a second laser interfer-
ometer 23. The position of the wafer stage 21, as detected by
the laser interferometer 23, 1s signalled to the main control
system 19 where the information 1s stored and used for
calculation of projected 1mage characteristics.

The main control system 19 also calculates the amount the
clectron beam 1s shifted by the optical field selecting detlec-
tor 12 and the deflection system 13. This calculation 1is
performed using data supplied by the first laser interferom-
cter 18, the second laser interferometer 23 and an input
device 24. The mput device 24 provides data regarding the
transfer conditions such as position data and/or relative
speed data of the mask and the wafer stage. The input device
24 may comprise a device that reads mnformation stored in
magnetic storage, 1.€., the data created, by the control system
19, for example, to provide transfer condition data.
Alternatively, an input device 24 operable to read transfer
data from the mask 1 and the wafer 5 can be used.

The main control system 19 determines and provides
signals via drivers 27, 28 to the mask stage 16 and the wafer
stage 21 motors, 1indicating required movement and posi-
tioning. Each driver 27, 28 controls the movement produced
by each motor 17, 22, respectively.

The main control system 19 also determines the requisite
amount 1n which the electron beam 1s to be shifted. Signals
indicating the requisite shift amount are provided to the
optical field selecting deflector 12 and the deflection system
13 via the deflection control 25 and the shift correction
control 26, respectively.

Next, an embodiment of the method of the present inven-
tion 1s described. The method of the present invention
provides generally for the transfer of an 1mage from a mask
onto a waler. The method, preferably, utilizes the optical
projection measurement and correction apparatus of the
present 1nvention.

Again, for ease of discussion, the method of the present
invention 1s described 1n terms of electron beam lithography.
It 1s understood that the present method 1s suitable for a
variety of optical projection systems, such as ion beam
lithography.

As 1llustrated 1n FIG. 2, the pattern on the mask 1 is
divided 1nto subfields 2A, 2B, 2C, etc. along the X and Y
axes. Boundary areas 3 are located between each subfield.
The subfield being projected, illustrated in FIG. 2 with
subficld 2A, has a projection arca 33. An electron beam 1s
projected from an electron beam source 10 to the projection
arca 33.
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Electron transmissive areas are arranged on the mask 1 in
accordance with the respective subfield 2A, 2B, 2C, etc,,
pattern to be transferred to the wafer 5. Any of a variety of
masks may be used to practice the present invention. For
example, the mask may comprise a thin-film layer of silicon
nitride to create the electron transmissive areas of the pattern
while tungsten 1s placed on selected areas of the mask to
create electron-blocking or scattering regions of the mask
pattern. Another mask suitable for practicing the present
invention may comprise a mask formed of silicon as the
clectron scattering substance and punch holes as the trans-
missive portions of the mask pattern. The boundary areas 3
on the mask 1 are also comprised of a blocking material. The
blocking material may comprise any of a variety of materials
known to persons skilled in the relevant art.

The electron beam 1s projected through the subfield 2A on
the mask 1. The beam 1s then directed through the projection
lens 14 and the objective lens 15 and a reduced 1image of the
subfield 2A pattern 1s exposed on the corresponding transfer
arca 7A on the surface of the wafer 5.

The electron beam 1s projected through each subfield 2A,
2B, 2C, etc., in order. Thus, the reduced 1mage of each
pattern of each subfield 1s transferred to the corresponding
transfer area 7A, 7B, 7C, etc., on the wafer §. As this
projection occurs, the electron beam 1s shifted, by the
deflection system 13 (FIG. 1), an amount equal to the length
of the boundary area 3 bordering that subficld. There are,

preferably, no spaces on the surface wafer between each
transfer area 7A, 7B, 7C, etc.

The mask 1 1s continuously shifted in a negative X axis
direction, as indicated by the upper arrow AR,, in FIG. 2.
The mask 1 is shifted at a predetermined speed (V,,).
Simultaneously, the wafer 5 1s shifted 1n the positive X axis

direction, as indicated by the lower arrow ARy, 1n FIG. 2.
The wafer 5 is also shifted at the speed (V).

To obtain the desired speed V., suppose the reduction
factor of the projection lens 14 and the objective lens 15 of
the pattern projected onto the wafer 5 1s denoted by 3.
Referring to FIG. 2, for each subfield 2A, 2B, 2C, etc., the
length of an edge of such subfield that 1s parallel to the X
axis 1s denoted by L1. Additionally, the length of the
boundary 3 bordering that subfield that 1s parallel to the Y
axis, is denoted by L.2. The speed (V) is, preferably, equal
to:

V,=px (L 1/(L1+L2))xV,, (1)

Referring to FIG. 2, the electron beam 1s projected in
order through each subfield 2A, 2B, 2C, etc. 1in a direction
along the Y axis by deflection of the electron beam caused
by the subfield selecting deflector 12, after which the sub-
fields 1in the next row are projected. Thus, the pattern of each
mask subfield is transferred, one by one, onto a transfer arca
6A on the wafer 5. The transfer arca 6 A represents one die
on the water 5. For each die, these steps are executed
continuously until all of the mask patterns of all the subfields
are transferred to the wafer 5. At this point, the transfer of
a single die or transfer areca 6 A on the wafer 5 1s complete.

The method of the present invention also provides for
measurement and correction of projected pattern formation
characteristics as follows. For simplicity, the embodiments
of the measurement and correction methods of the present
invention are described in terms of electron beam
lithography, as discussed above.

Afocal point correction and correction of distortions of an
image, such as correction of the reduction factor and rotation
angle, are performed during the transfer process. For clarity,
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these corrections are discussed 1n terms of a single 1image of
a subfield formed on the water 5. The correction 1s per-
formed subfield-by-subfield. After such corrections are
made, the steps discussed above are repeated to transfer
images of the mask 1 pattern to the next die or transfer arca
6B on the wafer 5, until all dies on the wafer are completed.

Referring to FIG. 3(a), in a representative embodiment of
the method of the present invention, a subfield 2H 1s a square
arca on the mask 1 surrounded by boundary area 3. Four
evaluation marks 4A, 4B, 4C, 4D are, preferably, positioned
on the four edges of the subfield 2H as depicted in FIG. 3(a).

Evaluation marks 4A, 4B having a set distance
therebetween, are positioned 1n a line parallel to the Y axis
of FIG. 3(a). Evaluation marks 4C, 4D, also having a set
distance therebetween, are positioned along a line parallel to
the X axis.

To measure the projection formation characteristics, first,
the center of the subfield 2H 1s positioned approximately on
the center of the electron beam axis (AX) (see FIGS. 1 and
2). The placement of the center of subfield 2H is performed
by moving the mask stage 16. The center of the reference
material 38 1s also positioned approximately on the AX axis,
by moving the wafer stage 21. The electron beam is then
projected on the subfield 2H of the mask 1. A reduced 1image
of the subficld 2H pattern 1s projected on the reference
material 38. The subfield 2H 1mage 1s reduced by projection
of the electron beam through the projection lens 14 and the
objective lens 15, as discussed above.

FIG. 3(b) illustrates a projected image 9 of the pattern of
the subfield 2H. The four evaluation mark images 8A, 8B,
8C, 8D correspond to the four evaluation marks 4A, 4B, 4C,
4D, respectively. These 1mages are also reduced in size
relative to the marks 4A, 4B, 4C, 4D. As with the evaluation
marks on subfield 2H of mask 1, the evaluation mark images
are positioned on the four edges of the projected image 9.

For illustration purposes, suppose the reduction factor {3 1s
one quarter. Now suppose the projected image 9 is (250
Mm)2 in area and the evaluation mark images 8A, 8B, 8C, 8D
are (5 um)~ in area. Suppose also that the reference mark 39
on the reference material 38 is (80 um)~ in area.

Now, as 1s typically the case, suppose there are errors in
the reduction factor and rotation angles of the projected
image 9. Consequently, there would be some positioning
errors of the evaluation mark 1images 8A, 8B, 8C, 8D on the
projected 1image 9. To correct such errors, one embodiment
of the present invention provides the following steps.

FIG. 4(a) illustrates an error in the reduction factor § of
projected 1mage 9. Dashed line 9A depicts an outline of a
projected 1image 9 having no error in the reduction factor and
no error in the rotation angle of the projected image.

The value “Y1,” equal to the distance between the centers
of the evaluation mark 1mages 8A, 8B 1s first measured. The
value “X1,” equal to the distance between the centers of the
evaluation mark 1mages 8C, 8D 1s next measured. The
corresponding distances between 4A and 4B, and between
4C and 4D are divided by the values of Y1 and X1,
respectively. The actual reduction factor for the reduction of
the 1mage along the direction of the Y axis f3,, and the
reduction factor for the 1image along the direction of the X
axis [3. are calculated. By subtraction of these actual reduc-
tion factors from the i1deal or theoretical reduction factor 3,
an error range ol the reduction factors 1s obtained.

FIG. 4(b) illustrates a rotation angle error of the projected
image 9. Dashed line 9A 1s an outline of a projected 1image
having no reduction factor error and no rotation angle error.
Aline, parallel to the Y axis, 1s drawn from the center of each
evaluation mark image 8A and 8B. The shift amount of the
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image along the X axis (AX) is equal to the distance between
the two lines drawn from the center of each evaluation mark
8A, 8B (see FIG. 4(b)). Next, a line, parallel to the X axis,
1s drawn from the center of each evaluation mark 1mage 8C
and 8D. The shift amount of the image along the Y axis (AY)
1s equal to the distance between the two lines drawn from the
center of each evaluation mark 8C, 8D.

The shift amount AX 1s then divided by the distance
between the evaluation mark 1images 8A and 8B. The result-
ing value to the actual rotation angle 6, of the projected
image as measured along the Y axis. The shift amount AY 1s
divided by the distance between evaluation mark 1images 8C
and 8D. The resulting value 1s the actual rotation angle 0 of
the projected 1mage as measured along the X axis.

The error range for each rotation angle i1s obtained by
subtracting the 1deal angle of rotation from the actual angle
of rotation, as measured and calculated above. Additionally,
by subtracting the value of 0, from the value of 0_, or vice
versa, orthogonality of the projected image may be obtained.
Based on the calculated error ranges, the electron beam 1s
shifted as appropriate and the mask pattern 1s them projected
onto the water as discussed above, effectively eliminating
projection formation characteristic errors.

In another embodiment of the method of the present
invention, reduction factor and refraction angle errors of the
projected 1mage 9 are measured and corrected 1n the fol-
lowing manner.

First, the distance between two of the four evaluation
mark 1mages 8A, 8B, 8C, 8D are measured 1n both the X axis
and the Y axis directions. In this embodiment, the reference
material 38 1s used to measure the distance Y1 between the
evaluation mark 1mages 8A and 8B. The distance Y1 1is
measured from the center of the evaluation mark image SA
to the center of the evaluation mark image 8B along the Y
axis direction. With reference to FIG. 5(a), a projected
image 9 of the subfield 2H mask pattern 1s first projected
along the electron beam axis (AX).

The reference material 38 1s then moved relative to the
axis AX by the wafer stage 21 (FIG. 1). The edge 39a of the
reference mark 39 on reference material 38 1s then posi-
tioned on the center of the evaluation mark 1mage 8A. At this
poimnt, movement of the wafer stage 21 1s paused. This
position is illustrated as position A in FIG. 5(a). Using the
second laser interferometer 23 (FIG. 1) this position of the
waler stage 21 1s obtained and saved in memory as X, Y axes
coordinates by the main control system 19. At this point, the
shift amount of the deflection system 13 (FIG. 1) 1s equal to
ZETO.

Next, the deflection system 13 shifts the projected 1image
9 along the direction of the Y axis, as illustrated in FIG. §(a)
such that evaluation mark image 8A 1s moved across the
edge 39a of the reference mark 39. At the same time, the
main control system 19 (FIG. 1) reads signals generated by
the signal circuit 37 as obtained by the reflected electron
detector 36. These values are the reflected electron signal S.
That 1s, as the electron beam 1s projected to produce the
evaluation mark 1image 8A, the reference mark 39 reflects a
portion of the electrons in the electron flux. The reflected
clectron signal S 1s based on the amount of the electron flux
reflected by the reference mark 39. The shift amounts AX
and AY of the evaluation mark images 8A, 8B, 8C, 8D may
then be measured accordingly.

Specifically, the shift amount of the deflection system 13
1s converted to a shift amount of the projected image along
the Y axis as measured by the laser interferometer 23. Such
a conversion formula, known to persons skilled in the
relevant art, 1s preprogrammed 1n the main control system
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19. Referring to FIG. 5(c), the Y zero coordinate is equal to
the Y coordinate of the center of the evaluation mark image
S8A when the shift amount of the deflection system 13 is
equal to zero. The reflected electron signals S are plotted
(graph of FIG. 5(c)) as obtained above and the function of
the reflected electron signals S 1s saved by the main control
system 19.

The main control system 19 then calculates a differential
signal (dS/dy) by differentiating the reflected electron sig-
nals S obtained above by the corresponding Y coordinates.
These differential signals (dS/dy) are trapezoidal in shape, as
illustrated in the graph of FIG. §(d). The Y coordinate ya, as
shown by the dashed center line in 5(d), is the distance
between the center of the evaluation mark 1mage 8A and the

edge 39a of the reference mark 39 (FIG. 5(b)). Thus, the Y
coordinate ya 1s equal to the shift amount of the evaluation
mark 1mage 8A on the Y axis of the water stage 21.

Next, referring back to FIG. 5(a), in this embodiment of
the method of the present invention, the reference material
38 1s moved by the wafer stage 21. As 1llustrated by the
dashed line in FIG. 5(a), the reference material 38 is moved
such that the center of the edge 39a of reference mark 39 1s
positioned on the center of the second evaluation mark
image 8B. At this point, the wafer stage 21 1s paused, and the
position of the wafer stage 21 (position B) is obtained by the
second laser interferometer 23. This Y axis coordinate is
recorded by the main control system 19 (i.e., when in
position B). In FIG. 5(a), Y2 1s equal to the difference in the
Y coordinate at position A and the Y coordinate at position
B.

As was described above 1n relation to the calculation of
the shift amount of evaluation mark 8A, the shift amount of
evaluation mark 8B 1s determined. The deflection system 13
(FIG. 1) shifts the projected image 9 in the direction of the
Y axis (see FIG. 5(a)). The evaluation mark image 8B is
moved across the edge 39a of the reference mark 39. The
reflected electron signals S are detected. The distance
between the center of the evaluation mark 1mage 8B
(position B in FIG. 5(a)) and the edge 39a of the reference
mark 39 1s determined. As above, the distance 1s determined
by calculating the center position of the reflected electron
signals S utilizing differential calculus. The distance 1s the
evaluation mark image 8A shift amount “yb” on the Y axis.
The sign for the shift amount 1s positive 1 the direction
where the distances between the evaluation mark images get
smaller. In the direction where the distances therebetween
oet larger, the shift amount 1s negative.

The main control system 19 then calculates the distance
Y1. Y1 1s equal to the distance between the positions of the
evaluation mark images 8A and 8B minus the relevant shaft
amounts. Specifically, the distance Y1 1s calculated as fol-
lows:

Y1=Y2-ya-vb (2)

Utilizing equation (2) and the image areas illustrated
above, the value of Y2 will be equal to, approximately, (250
um)” in area. The shift amounts ya and yb will be approxi-
mately (5 um)~ each. Thus, the value of Y1 is almost entirely
based upon the value of Y2 as measured by the laser
interferometer. This allows the value of Y1 to be measured
precisely. Additionally, 1f there i1s error 1n shift amounts
produced by the deflection system 13, the error will be
relatively small and 1s, also, then correctable. Even with the
maximum amount of shifting performed, the actual shaft
amount (ya, yb) of each evaluation mark image from the
center will be relatively small. Thus, there 1s no significant
influence by the shift amounts upon the measurement pre-
cision of the method of the present invention.
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Similarly, The distance X1 between the evaluation mark
images 8C and 8D (FIG. 4(a)) can be obtained. This distance
1s obtained by measuring from the edge 39b of the reference
mark 39 along the direction of the X axis (FIG. 5(a)). As

discussed above, the shift amount AX of evaluation mark
images 8A, 8B and the shift amount AY of evaluation mark
images 8C, 8D are also precisely measured by the method of
the present invention.

Accordingly, from the distance values and shift amounts
calculated by this embodiment of the present invention,
reduction factor errors and rotation angle errors of the
projected 1mage 9 are obtained. The main control system 19

then eliminates the errors through signals sent to the cor-
rection control 26. The correction control 26 shifts the
clectron beam as directed by the main control system 19
through manipulation of corrective lenses 34, 35.

In another embodiment of the present invention, rotation
angle errors obtained by the method outlined above are
corrected by rotating the mask 1 and/or the wafer 5 the
amount necessary to correct such rotation angle error.
Reduction factor errors obtained using the method of the
present invention are corrected by moving the mask 1 and

the wafer 5 the appropriate amount 1 a direction along the
7. axis.

The 1mage formation characteristics measurement appa-
ratus and method of the present invention allow the reduc-
tion factor and rotation angle of a projected 1mage of a
pattern of a subfield on a mask to be precisely corrected.
Therefore, error rates in the stitching of transferred 1mages
on the wafer 5 may, 1n turn, be kept to an absolute minimum,
thereby allowing high precision lithography.

In yet another embodiment of the present invention, five
or more e¢valuation marks are uftilized. The distances
between the evaluation marks are measured. In this

embodiment, a Y coordinate for each evaluation mark image
1s measured using a specilic edge of a specific reference
mark, for example, edge 39a of reference mark 39. The X
coordinate for each evaluation mark image i1s measured
using a different edge of the reference mark, for example,

edge 39b of reference mark 39 (see FIG. 5(a)). However,
when obtaining the Y and X coordinates of the evaluation
mark 1mages, 1t 1s 1mportant that other evaluation mark
images do not cross over the reference mark, so that signals
from more than one mark are not confused.

When more than five evaluation marks are used, the
distances between evaluation mark images and rotation
angles of evaluation mark images, along both the X and Y
axes, can be determined with great precision. Such data can
be measured even more precisely by using the least squares
method. Accordingly, imaging errors can be measured and
corrected.

Furthermore, an optimal focal point of a projected 1mage
may also be measured using the method of the present
invention. To measure an optimal focal point, the position of
the reference material 38 1s changed along the Z axis
direction by suitable means, such as a piezoelectric device.
The width of an evaluation mark image 1s then measured.
The point at which the width of the evaluation mark image
1s the smallest along the Z axis 1s determined. At this
position the evaluation mark 1mage 1s at its sharpest. This
position represents the optimal focal point.

Alternatively, the optimal focal point may be obtained by
changing the power of the projection lens 14 and/or the
power ol the objective lens 15. The objective lens 15
controls the distance of the focal point. The width of each
evaluation mark 1image 1s measured at each power setting. A
correction of any focal point error can then be performed
dynamically by the projection lens 14 and the objective lens

15.
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In another embodiment of the present invention, the watfer
stage 21 1s moved continuously, and each evaluation mark
image 1s shifted relative to an edge 39a or 39b of the
reference mark 39 (FIG. 5(a)). Then, positioning data of
cach evaluation mark 1mage 1s measured based on the data
measured by the laser interferometer 23 rotation angle error
and reduction factor error are then calculated and corrected
based on the method described herein.

In yet another embodiment of the present invention, the
reference material 38, having a reference mark 39, 1s placed
at a fixed position. The mask stage 16 1s then moved without
shifting the electron beam. The evaluation mark of the mask
1s consequently moved 1n reference to the edge 39a of the
reference mark 39. The positioning data 1s then calculated as
described 1n the methods set forth above. Appropriate cor-
rection of distortions are them implemented.

The above embodiments of the present invention utilize a
square reference mark 39, wherein edges of the reference
mark 39 along the X and Y axes are used for measurement
purposes. Alternatively, rectangular reference marks may be
used wherein one rectangular reference mark possesses a set
of longer edges 1n the Y-axis direction while another rect-
angular reference mark possesses a set of longer edges 1n the
X-axis direction. The longer set of edges of each such
reference mark 1s utilized for the measurements outlined in
the methods of the present invention.

In the above embodiments, the evaluation marks utilized
to evaluate the pattern formation characteristics of projected
images are situated on the mask. Alternatively, the evalua-
tion marks may be situated on the mask stage 16.
Accordingly, the 1mage of the evaluation mark placed on the
mask stage 16 1s projected and measured as described above.

Additionally, secondary electrons from the reference
mark 39 may be used for detection, 1f the reference mark
emits secondary electrons.

In yet another embodiment of the present invention,
another form of mark 1s used for the reference mark. For
example, an etching mark and a knife edge mark can be used
for reference mark 39. When a knife edge mark 1s used as a
reference mark, absorbed electrons are detected, rather than
detecting reflected electrons as described above.

Having 1llustrated and described the principles of the
invention with several preferred embodiments, 1t should be
apparent to those skilled 1n the art that the invention can be
modified 1 arrangement and detail without departing from
such principles. I claim all the modifications coming within
the spirit and scope of the following claims.

What 1s claimed 1s:

1. A charged particle beam exposure apparatus compris-
ng:

(a) a charged particle beam source;

(b) a fixed pattern comprising multiple evaluation marks
situated to allow the charged particle beam to propagate
in a direction through the evaluation marks to form an
image of the evaluation marks of the fixed pattern;

(c) a reference material on which the image of the
evaluation marks 1s formed by the charged particle
beam, the reference material having a reference mark;

(d) an optical system for transferring the charged particle
beam to produce the 1mage of the evaluation marks on
the reference material;

(e) a first stage for moving the reference material with the
reference mark relative to the 1mage of the evaluation
marks;

(f) a first detector for detecting the amount of movement
of the reference mark relative to an 1mage of an
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evaluation mark, for determining a distance of the
reference mark relative to the 1mage of the evaluation
mark, and for outputting data indicative of the distance;

(g) a deflection system for deflecting the charged particle
beam so as to move the 1mage of the evaluation mark
relative to the reference mark;

(h) a second detector for detecting charged particles

reflected by the reference mark as the image of the
evaluation mark 1s moved relative to the reference mark

and for outputting data indicative of the position of the
image of the evaluation mark relative to the reference

mark; and

(i) a main control system to which the first and second
detectors are connected, the main control system for
determining, from the data from the first and second
detectors, a reduction factor and a rotation angle of the
image of the evaluation mark relative to the reference
mark on the reference material, and for determining an
amount of correction necessary to achieve a desired
reduction factor and rotation angle.

2. The apparatus of claim 1, wherein the fixed pattern of
evaluation marks 1s defined by a mask, and wherein the main
control system further determines, from the data from the
first and second detectors, distortion and orthogonality of the
image of the evaluation mark relative to the reference mark
on the reference material, and further determines an amount
of correction necessary to achieve a desired distortion and
orthogonality.

3. The apparatus of claim 2, further comprising a correc-
fion system, for correcting reduction factor and rotation
angle, comprising a first corrective lens and a second cor-
rective lens through which the charged particle beam
propagates, the first corrective lens and the second corrective
lens being 1n electrical communication with the main control
system for altering the propagation direction of the charged
particle beam 1n accordance with the amounts of correction
determined by the main control system to achieve the
desired reduction factor and rotation angle.

4. The system of claim 2, further comprising;

a second stage upon which the mask 1s positioned; and

a second stage positional detector for detecting the
amount of movement of the second stage 1n a plane
transverse to a propagation axis of the charged particle
beam, the second stage detector being for determining
the position of the second stage and outputting data to
the main control system, the data being indicative of the
second stage position relative to the propagation direc-
tion of the charged particle beam.

5. The system of claim 4, wheremn the second stage

detector comprises a second laser interferometer.

6. The apparatus of claim 4, wherein the fixed pattern of
evaluation marks are defined by the second stage, upon
which second stage a mask 1s positioned adjacent the pattern
of evaluation marks.

7. The apparatus of claim 6, further including a substrate
to which 1images of a pattern on the mask are transferred by
the charged particle beam, wheremn the substrate 1s placed
adjacent the reference material on the first stage.

8. The apparatus of claim 7, wherein the reference mate-
rial 1s positioned so that a surface of the reference material
1s substantially coplanar with a surface of the substrate.

9. The apparatus of claim 2, wherein the mask includes
multiple subfield situated to allow the charged particle beam
to pass through the subfields, each subfield including a fixed
pattern of evaluation marks.

10. The apparatus of claim 1, wherein the first detector
comprises a first laser interferometer.
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11. The apparatus of claim 1, wherein the fixed pattern
comprising evaluation marks 1s defined by a mask, wherein
a separate evaluation mark 1s positioned on the periphery of
cach of four sides of an image arca defined by the mask, the
image are being substantially square in shape.

12. The apparatus of claam 11, wherein each evaluation
mark of the fixed pattern i1s positioned substantially at a
midpoint of each side of the image area.

13. The apparatus of claim 11, wherein the evaluation
marks are positioned so that a center of a first evaluation
mark 1s axially aligned with a center of a second evaluation
mark and a center of a third evaluation mark 1s axially
aligned with a center of a fourth evaluation mark.

14. The apparatus of claim 1, wherein the reference mark
1s substantially rectangular in shape.

15. A charged particle beam measurement method, com-
prising the steps of:

(a) emitting a charged particle beam;

(b) passing the charged particle beam through a fixed
pattern of multiple evaluation marks to produce an
image of the fixed pattern, each evaluation mark having
a center,

(c) positioning a reference material, comprising a refer-
ence mark, relative to the charged particle beam so as
to form the 1mage of the fixed pattern of evaluation
marks on the reference material relative to the reference
mark;

(d) detecting the position of a center of an image of a first
evaluation mark on the reference material;

(¢) detecting the position of a center of an image of a
second evaluation mark on the reference material,;

(f) determining a distance between the center of the image
of the first evaluation mark and the center of the image

[

of the second evaluation mark; and

(g) calculating a reduction factor based on the distance
between the centers of the images of the first and
second evaluation marks on the reference material
comparison to the distance between corresponding first
and second evaluation marks.

16. The method of claim 15, wherein step (f) further

COmMPrises:

moving the reference mark such that an edge of the
reference mark 1s positioned on the center of the 1mage
of the first evaluation mark;

detecting an amount of movement of the reference mark
as the reference mark 1s moved from an 1nitial position
to a position on the center of the image of the first
evaluation mark, and determining a position to which
the reference mark was moved relative to the initial
position based on the amount of movement detected;

moving the reference mark such that the edge of the
reference mark 1s positioned on the center of the image
of the second evaluation mark;

detecting a second amount of movement of the reference
mark as the reference mark 1s moved from the position
at the center of the 1image of the first evaluation mark
to a position on the center of the 1mage of the second
evaluation mark, and determining the position to which
the reference mark was moved relative to the position
at the center of the 1mage of the first evaluation mark;
and

based on the second amount of movement detected,

determining the distance between the centers of the
images of the first and the second evaluation marks.

17. The method of claim 16, further comprising the step

of correcting the determined distance between the centers of
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the 1mages of the first and the second evaluation marks for
shift error, the correcting step comprising:

moving the 1mage of the first evaluation mark across the
edge of the reference mark after moving the edge of the
reference mark such that an edge of the reference mark
1s positioned on the center of the 1mage of the first
evaluation mark;

detecting charged particles reflected by the reference
mark as the image of the first evaluation mark 1s moved
across the edge of the reference mark;

generating a first set of signals indicative of the amount of
charged particles reflected as the image of the first
evaluation mark 1s moved across the edge of the
reference mark;

determining a shift amount of the image of the first
evaluation mark based on the first set of signals gen-
erated;

moving the edge of the reference mark onto the center of
the 1mage of the second evaluation mark;

detecting charged particles reflected by the reference
mark as the 1mage of the second evaluation mark 1s

moved across the edge of the reference mark;

generating a second set of signals mdicative of the amount
of charged particles reflected as the image of the second
evaluation mark 1s moved across the edge of the
reference mark;

determining a shift amount of the 1mage of the second
evaluation mark based on the second set of signals
generated; and

correcting the determined distance between the centers of
the 1images of the first and the second evaluation marks
by subtracting the shift amounts of the 1mages of the
first and the second evaluation marks from the deter-

mined distance therebetween.
18. The method of claam 17, wherein the step of calcu-

lating the reduction factor includes the step of dividing the
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distance between the centers of the 1images of the first and
the second evaluation marks by the distance between cor-
responding evaluation marks.

19. The method of claim 16, further including the steps of:

(a) defining a Y axis parallel to a plane defined by a
surface of the reference material, and defining an X axis
perpendicular to the Y axis and parallel to the plane of
the surface of the reference material;

(b) arranging the evaluation marks such that a center of a
first evaluation mark 1s positioned along the Y axis,
directly across from a center of a second evaluation
mark;

(c) defining a first line parallel with the Y axis, through the
center of the first evaluation mark image;

(d) defining a second line parallel with the Y axis, through
the center of the second evaluation mark 1image;

(¢) measuring a distance along the X axis between the first
and the second lines and recording the distance as a

value AX; and

(f) determining a rotation angle of the first and the second
evaluation mark 1images along the X axis based on the
distance AX.

20. The method of claim 19, wherein the step of deter-
mining the rotation angle of the images of the first and
second evaluation marks along the X axis includes the step
of dividing the distance AX by the distance between the
centers of the 1images of the first and the second evaluation
marks.

21. The method of claim 17, including the step of deflect-
ing the charged particle beam to move the image of the first
evaluation mark until the edge of the reference mark crosses
the center of the 1mage of the first evaluation mark and
recording the resulting amount of deflection of the charged
particle beam.
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